HOW HEAT TREATMENT CAN GIVE BETTER PROPERTIES TO ELECTROLESS NICKEL-BORON COATINGS by Vitry, V. et al.
 Trattamenti termiciMemorie >> 
1  aprile 2009 << la metallurgia italiana la metallurgia italiana >> aprile 2009  1
HOW HEAT TREATMENT CAN GIVE 
BETTER PROPERTIES TO ELECTROLESS 
NICKEL-BORON COATINGS
V. Vitry, F. Delaunois, C. Dumortier
Electroless nickel-boron deposits were synthesized on mild steel and submitted to heat treatments under neu-
tral and nitrogen based atmosphere. The properties obtained after these treatments were compared to as depo-
sited nickel-boron coatings. The morphology and structure of the samples were investigated by XRD, SEM 
and optical microscopy; their composition was studied by ICP, GD-OES and SIMS analysis, and micro and 
nanoindentation tests were carried out to assess the coatings’ hardness. Scratch tests were used to determine 
the damage mechanisms of the coating.
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INTRODUCTION 
Autocatalytic (Electroless) nickel plating was discovered by 
Brenner and Riddel in 1946 [1]. This process is based on the 
aqueous reduction of nickel salts by a chemical agent thus al-
lowing deposition on non-conducting materials and leading to 
continuous coatings with a constant thickness [2-5]. Nickel bo-
ron coatings are obtained when a boron-based agent, such as 
sodium borohydride is used to reduce the nickel. Those coat-
ings are of great interest and are extensively studied [6-12]. 
They present, in their as-deposited state, an hardness close to 
750hv100 and are useful in many industries including automo-tive, electronic and chemical industries because of their good 
mechanical, chemical and tribological properties [2, 5, 11, 13, 
14]. Depending on the amount of boron present, the coatings 
are considered amorphous, microcrystalline or a mix of the two, 
the amount of amorphous phases increasing with the amount of 
boron [2, 7, 15-18].
Heat treatments are often used to enhance the properties of 
nickel-boron coatings: they allow crystallisation of the amor-
phous part and, if well designed, lead to nano and microcrystal-
line structure which are harder than the as-deposited coatings 
and their hardness can reach 1200hv100. [2, 17, 19]Much information can be obtained using nanoindentation: this 
technique is an instrumented indentation and the loading and 
unloading curves are recorded during each indent. Moreover, 
the loads are much smaller than in the case of microindenta-
tion (typically a few mN) [20-22]. This technique is often used 
with a Berkovitch indenter which has the same surface than the 
Vickers indenter while being easier to manufacture owing its 
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triangle-based pyramid shape. Working with very low loads al-
lows to get very small indents and thus to study the hardness 
evolution across a relatively thin coating. 
Scratch test [23-29] can give information about the “practical 
adhesion” of coatings as well as the degradation modes of the 
coatings. It consists in the application of an increasing load to a 
coating. Modern investigation techniques are used to study the 
coating’s scratch test comportment: acoustic emission, friction 
coefficient and penetration depth measurements are recorded 
during the test and microscopic examination is carried out after 
the test. The critical load of a system which characterizes the ad-
hesive strength of the coating/substrate system is determined 
from the first adhesive failure. The degradation modes can be 
identified from observation. However scratch tests cannot be 
used to predict quantitative wear rates of materials and coat-
ings. 
EXPERIMENTAL
Samples preparation
Steel and Aluminium alloy cylinders with a diameter of 25 ± 1 
mm and a thickness of 10 ± 1 mm were plated with nickel-boron. 
Before plating, they were mechanically polished, degreased with 
acetone and etched in an acid solution. The aluminium samples 
were subjected to further pre-treatment by double-zincate con-
version and acid nickel phosphorous flash deposition.
The deposition bath is based on the reduction by sodium 
borohydride (NaBH4); the nickel ions source is nickel chloride (NiCl2.6H2O). The nickel ions are complexed by ethylene di-amine (EN) and lead tungstate (PbWO4) is used as a stabilizer. The operation conditions and the installation have been de-
scribed elsewhere [15].
Classical heat treatments were carried out under neutral gas 
flow (95%Ar – 5%H2) at 400°C for 1 hour for steel substrates and at 180°C for 4 hours for aluminium substrates (this temperature 
was proven by Delaunois et al. to offer a good compromise be-
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Fig. 1
 GD-OES depth profile of an untreated nickel-
boron coating on Steel.
Profilo GD-OES nello spessore di un rivestimento nichel-
boro non trattato su acciaio.
tween coating hardening and substrate softening for aluminium 
substrates [15]). Preliminary test for other treatments were car-
ried out under ammonia and nitrogen-based atmospheres.
Samples prepared for SEM observation and hardness testing 
were first cut using a Leco Microtom cutting machine with a 
diamond cutting disk, then mounted in a non-retractable resin 
and mirror polished.
Samples analysis
Mean chemistry of the samples was investigated after dissolu-
tion in concentrated nitric acid by ICP analysis using a Jobin-
Yvon apparatus.
Profile analysis was carried out by GD-OES using Jobin-Yvon 
spectrometer and surface analysis by TOF-SIMS using an ION-
TOF IV apparatus. 
A Siemens D500 X-rays θ–θ apparatus applying Cu Kα (1,54 Ǻ) 
radiation was used to study the structure of the samples. Their 
morphology and thickness were observed using a Philips XL 20 
Scanning Electron Microscope.
Microhardness measurements were carried out using a LECO 
M-400-A, mounted with a Vickers indenter for surface testing 
and with a Knoop (lozenge-shaped) indenter for cross section 
testing. A load of 100g was used for Vickers indentation while a 
load of 50g was used for Knoop hardness testing. The holding 
time was 20s for both techniques.
Nanohardness was obtained with a MTS nano-indenter XP 
mounted with a Berkovitch (tetrahedron shaped), using depth 
controlled indentation in order to obtain indents of similar size. 
The hardness value at a load of 4000μN was chosen as nanoin-
dentation hardness value. 
Scratch tests were performed on selected samples using the con-
tinuous load increase method up to 30N with a Microphotonics 
Micro Scratch Tester (MST), with a load rate of 19.17N/min and 
an advance rate of 9.58mm/min, resulting in a scratch of 15mm. 
The tip was a Rockwell C diamond stylus indenter with a radius 
of 200 μm.
RESULTS AND DISCUSSION 
 
Chemistry of deposits
ICP analysis of as-deposited coatings showed that their average 
composition is 93 wt. % nickel, 6 wt. % boron and 1 wt. % lead. 
Heat treatments do not modify the global composition of the 
coatings.
GD-OES analysis, on steel substrate, allowed us to follow quali-
tatively the composition into the depth of the coating. In the as-
plated state (Fig. 1), the boron and nickel content of the coating 
don’t vary with the depth while the lead content seems to be 
higher at near the substrate interface then decreases slightly be-
fore increasing once more. It means that more lead is deposited 
at the very beginning of the process and at the end that during 
the fast “regime” deposition of the coating. 
Observation of the interface allows us to predict a good adhe-
sion of the coating because there seems to be a certain amount 
of interdiffusion with the substrate. 
After heat treatment at 400°C for one hour under neutral atmos-
phere (Fig. 2), the nickel and boron content are quite unmodified 
while the lead content becomes higher near the free surface of 
the sample and decreases steeply with depth. The lead seems to 
diffuse outside the coating. However, the interface between the 
steel substrate and nickel-boron was not modified by this treat-
ment.  Previous work revealed important interdiffusion at the 
interface after heat treatment in the case of aluminium-silicon 
alloys (AS7G06) [15].
s
Fig. 2
 GD-OES depth profile of a nickel-boron coating 
on Steel after 1 hour heat treatment at 400°C under 
neutral atmosphere.
Profilo GD-OES nello spessore di un rivestimento nichel-
boro su acciaio dopo 1 ora di trattamento termico a 
400°C in atmosfera inerte.
s
Fig. 3
 SEM micrograph of an untreated nickel-boron 
coating – left: cross section showing the columnar 
morphology – right: cauliflower-like surface.
Micrografia al SEM di un rivestimento nichel-boro non 
trattato – sinistra: sezione trasversale che mostra una 
morfologia colonnare – destra: superficie “a cavolfiore”.
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Positive and negative ions SIMS analysis was carried out on the 
untreated samples and revealed only the presence of the known 
constituent of the coating (Nickel, boron, lead) and of the classic 
surface contamination. The results obtained after neutral atmos-
phere heat treatment were similar, proving that the coating’s 
chemistry is not much influenced by those treatments.
Structure and morphology of the coatings
In the as-deposited state, the coatings present a columnar mor-
phology and a cauliflower-like surface (which is characteristic 
of nickel-born coatings [11,15,17] ), as can be seen on Fig. 3. 
Neutral atmosphere heat treatments up to 400°C do not modify 
those properties.
The structure of untreated samples and samples treated at 180°C 
revealed they were amorphous (Fig. 4) while crystallization oc-
curred during heat treatment at 400°C. This is expected from the 
literature and our own previous results [2,15,19,30].
The effect of this crystallization on the mechanical properties of 
the coating will be discussed later.
Mechanical properties of the coating
Vickers hardness testing on the unprocessed surface of the sam-
ple is the standard method to measure hardness of nickel-boron 
coatings. However, we find it disputable because the surface is 
unprepared and its smoothness is unwarranted, and because 
the substrate hardness may significantly influence the results 
when the applied load is too high. We thus used other hardness 
testing methods to free ourselves from those potential problems: 
Knoop microindentation and Berkovitch nanoindentation were 
used on polished cross-sections. Nanoindentation were con-
verted from GPa into Berkovitch hardness points (equivalent to 
Vickers values) to facilitate comparison.  
Hardness values for untreated samples were close to 825 for 
all techniques. After heat treatment at 180°C for 4 hours, those 
values reached 1000, and they were further increased after heat 
treatment at 400°C. The first increase is caused by short order re-
arrangement in the coating (the amorphous dome XRD intensi-
ty is slightly higher), while the crystallization observed between 
180°C and 400°C causes a far greater hardness enhancement and 
reaches the maximum hardness value for nickel-boron coatings 
[2,17,19].  It is due to the generation of a high density of grain 
boundaries inside the coating. The hardness can thus be opti-
mized by the grain-size control: if the grains are allowed to coa-
lesce (i.e. if the heat treatment is too long or the temperature too 
high), the hardness of the coating will decrease [16.17,31].
It was not possible to obtain a reliable Knoop hardness value af-
ter treatment at 400°C because cracking of the coating occurred. 
This shows the importance of comparing values from differ-
ent techniques: Nickel boron coatings have a very anisotropic 
structure, due to their synthesis mode. Vickers hardness is car-
ried out in the growth direction of the coating and any dam-
age occurring during this test will remain unseen because it will 
take place inside the coating. However, Knoop indentation is 
made perpendicular to the growth direction of the coating and 
the subsequent damage is easily observable (Fig. 5). Knoop in-
dentation is thus more reliable. This may also explain why na-
s
Tab. 1
 Vickers and Knoop and Berkovitch hardness values of nickel-boron coatings on aluminium alloys.
Valori di durezza Vickers, Knoop e Berkovitch di rivestimenti di nichel-boro su leghe di alluminio. 
Untreated
834 ±20
854 ± 40
823± 155
4h ; 180°C
927 ± 30
1014 ± 40
1140 ± 75
1h ; 400°C
-
1302 ± 40
1584 ± 182
Knoop microhardness (hk50)
Vickers microhardness (hv100)
Berkovitch nanoindentation (4000μN)
s
Fig. 4
 X-Ray diffraction patterns of Electroless nickel-
boron coatings on aluminium substrates with and 
without heat treatments.
Spettri di diffrazione ai raggi X per i rivestimenti chimici di 
nichel-boro su substrati di alluminio con e senza tratta-
menti termici.
s
Fig. 5
 Cracking of the coating caused by Knoop 
indentation.
Criccatura del rivestimento causata dall’impronta Knoop.
 Trattamenti termici << Memorie
4  aprile 2009 << la metallurgia italiana la metallurgia italiana >> aprile 2009  5
noindentation values are so much higher than Vickers values for 
400°C treatment: the load applied for the nanoindentation test is 
too low to generate damage.
The small size of nanoindentation indents allows measuring 
the hardness of the coating on several points across the coat-
ing without any interaction of the indents. We were thus able to 
draw hardness profiles for nickel-boron coatings (fig. 6). Those 
profiles showed that the hardness values are not homogeneous 
across the coating except after heat treatment at 180°C. This is 
probably due to the fact that as-deposited coatings have impor-
tant internal stress. Heat treatment at 180°C releases a lot of this 
stress and the hardness becomes homogeneous. Heat treatment 
at 400°C however may generate new internal stresses because it 
is accompanied by important structural modifications. Moreo-
ver, as nanoindentation is a very sensitive experimental method 
it is possible hat part of the values scattering is due to external 
factors such as roughness of the sample (microscratches in the 
polished cross section), geometry of the indenter tip, thermal 
drift and creep.
The usual thickness used for nickel-boron coatings is at least 15-
25 micrometers. For coatings of this thickness, scratch tests up 
to 25N did not reveal any significant damage. We decided thus 
to work with thinner coatings (with a thickness of 6μm) in order 
to determine the damage mechanisms observed during scratch 
test. These tests were only carried out without heat treatment 
and after heat treatment at 180°C.
The damage mechanisms were the same for both treated (Fig. 8) 
and untreated (Fig. 7) coatings which is not surprising knowing 
they present roughly the same structure and morphology. The 
first failure that was observed is longitudinal cracking on the 
edges of the coating. Chevron cracks were then observed. Those 
are cohesive damage. The first adhesive failure is discontinuous 
ductile perforation of the coating, which is followed, in the case 
of heat treated samples, by continuous ductile perforation of the 
coating. To observe this kind of failure is really encouraging be-
cause it is a proof of the good adhesion of the coating, which 
was first suggested by the interface observation by GD-OES. 
Moreover, this failure was only observed because the coating 
was so thin.
Effects of alternative post-treatment
Alternative heat treatments are now in their testing phase. They 
are mainly based on the use of reactive atmospheres. We present 
hereunder some interesting results we obtained using (i) a treat-
ment under a reduced pressure in a nitrogen-based gas, which 
will be called “vacuum treatment” in further explanations and 
(ii) a treatment under an ammonia-based atmosphere, which 
will be called “ ammonia treatment”.
SEM cross section micrographs of nickel-boron coatings after 
“vacuum” and “ammonia” treatments showed an important 
morphological modification of the coating: it becomes totally 
dense after “vacuum” treatment and the columnar morphology 
disappears completely (Fig. 9a), and the coating is composed 
s
Fig. 6
 Nanoindentation profiles on treated and 
untreated nickel-boron coatings.
Profili di nanodurezza  su rivestimenti nichel-boro trattati 
e non trattati.
s
Fig. 7
 Micrograph of scratches on 6μm thick nickel-
boron coatings (aluminium alloy substrate) without 
heat treatment.
Micrografia di scalfitture su rivestimenti di nichel-boro 
dello spessore di 6μm (substrato in lega di alluminio) 
senza trattamento termico.
s
Fig. 8
 Micrograph of scratches on 6μm thick nickel-
boron coatings (aluminium alloy substrate) after 4 
hours at 180°C under 95% Ar + 5% H2 atmosphere.
Micrografia di scalfitture su rivestimenti di nichel-boro 
dello spessore di 6μm (substrato in lega di alluminio) 
dopo 4 ore a 180°C in atmosfera  95% Ar + 5% H2.
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of 2 distinct layers after “ammonia” treatment (Fig. 9b). The in-
ner layer is dense and resembles the “vacuum” treated coating 
while the outer layer looks porous.
Knoop hardness measurements were carried out on “vacuum” 
treated samples and on the dense part of “ammonia” treated 
samples. Values of 1570 ± 100 hk25 and 1630 ± 100 hk25 respec-tively were obtained instead of 1250 ± 100hk25 after treatment at 400°C. It shows that the hardness of nickel-boron coatings can 
be further enhanced by the use of modified heat treatments.
Scratch tests were carried out on “ammonia” treated coatings. 
Those coatings, while they are plastically deformed, are nearly 
undamaged after the tests (Fig. 10) which is promising for wear 
applications. 
CONCLUSIONS
As-deposited nickel-boron coatings possess several interesting 
features: high hardness (~825hv100), good scratch comportment, 
amorphous structure, columnar morphology and cauliflower-
like surface. 
Heat treatment influences some of those features, mostly in a 
positive way: 
- The columnar morphology is unmodified by classical heat 
treatment up to 400°C but is transformed in a dense layer that 
can be accompanied by a porous outer layer after the alternative 
treatments we investigated.
- The amorphous structure undergoes crystallization during 
heat treatment if the temperature is high enough: there is no 
crystallization for 180°C treatments while crystallization is com-
plete after treatment at 400°C.
- The hardness of the coating is very much influenced by its 
crystalline state: while low temperature treatment induces a 
slight increase and an homogenisation of the hardness, the treat-
ment at 400°C leads to an hardness value of 1300hv100. This high values is due to the important grain-boundaries density that is 
obtained after heat treatment.
- Alternative heat treatment allowed a further hardness increase 
by a still unidentified mechanism.
- The scratch comportment of nickel-boron coatings is quite 
unmodified by neutral heat treatments. The comportment after 
ammonia-based alternative treatment is mainly plastic deforma-
tion of the outer layer of the coating, which is very interesting 
for wear applications.
- Adhesion of the coating is predicted to be good because of 
the chemical interaction seen at the coating/substrate interface 
and of the scratch comportment. Heat treatments don’t seem to 
modify the interface.
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Fig. 9
 SEM micrograph of (a) a “vacuum” treated and 
(b) an “ammonia” treated nickel-boron deposit on steel 
substrate.
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in atmosfera di ammoniaca.
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Fig. 10
 Scratch test on an “ammonia” treated nickel-
boron coating.
Prova di scalfittura su un rivestimento nichel-boro 
sottoposto a trattamento in atmosfera di ammoniaca.
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ABSTRACT
COME IL TRATTAMENTO TERMICO PUÒ 
MIGLIORARE LE PROPRIETÀ DEI RIVESTIMENTI 
CHIMICI DI NICHEL-BORO. 
Parole chiave: trattamenti termici, rivestimenti, acciaio 
Deposizioni chimiche di nichel-boro sono state realizzate su un acciaio 
dolce e sono state poi sottoposte a trattamenti termici in atmosfera inerte 
o a base di azoto. Le proprietà ottenute dopo questi trattamenti sono state 
confrontate con quelle dei rivestimenti nichel-boro di partenza. La mor-
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